Stenting of curved arteries is generally perceived to be more challenging than straight vessels. Conceptually implanting multiple shorter stents rather than a single longer stent into such a curved artery represents a promising concept, but little is known about the impact of such an approach. The objective of this study is to evaluate the effectiveness of using a multiple segment stent rather than a single long stent to dilate a curved artery using the finite element method. A double segment stent (DSS) and a single segment stent (SSS) were modeled. The stents were compared when expanded into a model of a curved artery. The model predicts that the DSS provides higher flexibility, more conformity, and lower recoil in comparison to the SSS. The volume of arterial tissue experiencing high levels of stress due to stent implantation is also reduced for the DSS. It is suggested that a multiple segment stenting system is a potential solution to the problem of higher rates of in-stent restenosis in curved arteries and mechanically challenging environments.
Introduction
In-stent restenosis (ISR) still remains a greater problem in diseased arteries of more complex geometry such as the right coronary and certain peripheral arteries. For example, stenting in a diseased iliac artery with high curvature of about 0.085 mm À1 [1] is typically more complicated [2] compared to a healthy iliac artery with a small curvature of 0.01 mm À1 [3] . There is a higher risk of vessel injury when stenting a curved artery, with neointimal thickening and ISR strongly correlated to the level of vessel injury [4] . Endothelium damage initiates an inflammatory response resulting in neointima hyperplasia [5] . Damage to the endothelium during angioplasty and stenting is at least partially a result of the high stress and/or strain imposed on the artery wall during the implantation procedure or during the lifetime of the device. This implies that the design of stents is one of the important factors that can affect the restenosis rate [6] . Flexibility after expansion, radial strength, elastic recoil, conformity, and metal to tissue ratio are some of the known factors of stent design that affect restenosis.
Stenting a curved artery is generally considered to be a more complicated procedure compared to straight arteries [2, 7] . Adverse mechanical effects such as strut prolapse, flattening, and kinking may occur during stent placement in such an artery [8] . In addition, an abrupt change in the curvature of bent arteries due to the rigidity of the stent extremes leads to stress concentrations within the arterial wall [9] . The relatively high rigidity of the expanded stent compared to the artery can also result in injury to the artery and nonconformity to the vessel wall resulting in ISR [9] .
Implanting a stent in the curved artery may also cause vessel straightening [8, 10] . Vessel straightening reduces as stent flexibility increases. In an attempt to address this problem, different stent link elements have been introduced in new stent designs in order to increase stent flexibility. The link elements are bridges that connect two cells or struts of a stent and are usually in shapes of "S", "V", "W" etc. They have been designed to remain in the elastic zone of the material during implantation and also under in vivo conditions. If a stent is bent, the link elements at the outer curvature of the stented vessel are pulled apart. Under these circumstances, the links along the inner curvature become closer due to compression. This can sometimes result in poor conformity of the stent to the vessel wall [9] .
In order to provide improved stent flexibility and conformity and lower vessel straightening, an alternative approach to stenting such arteries is required. It is proposed that implanting a multiple segment stent (MSS) would overcome many of the problems currently associated with stenting curved arteries. The objective of this study is to use the finite element method to investigate the effectiveness of such an approach. Finite element (FE) analysis has been extensively employed to study stent-artery interactions [11] [12] [13] and to optimize stent designs [14, 15] . An optimized stent design should at least [1] minimize tissue injury, [2] maximize conformity to decrease the blood flow turbulence, [3] provide sufficient radial strength to prevent recoil while, and [4] having the minimum metal to artery ratio to reduce the risk of thrombosis. In this proof-of-principal study, the effectiveness of using MSS instead of one longer single segment stent (SSS) will be evaluated in terms of these criteria using the finite element method. If it can be demonstrated that an MSS is superior in this context, it will provide support for further in silico and in vivo investigations of this stenting concept in curved arteries.
Method
Geometry. The artery was modeled as an ideal curved tube with the inner curvature of 0.1 mm À1 . The inner diameter of the arterial tube was assumed to be 6 mm with an overall length of 22.7 mm. Three different layers, intima, media, and adventitia were considered. The balloon was modeled as an ideal cylinder (Fig. 1) .
Two stents were modeled, an SSS and a DSS. In order to compare the effects of a DSS, the parameters of two stents such as strut width and thickness are kept the same for both stents. Also, the expanded length and diameter are similar for both types of the stents. The stents have a nominal diameter of 8 mm and strut thickness of 120 lm. The strut width is designed to be about 100 lm. In order to prevent overlapping between the segments, an interlock mechanism was employed in the design of the DSS (Fig. 1) .
Material Model. The artery thickness was assumed to be 1 mm with a thickness ratio for the Int:Med:Adv of 13:32:55 [16] . Each layer was modeled as an incompressible isotropic hyperelastic material using a 3rd order Mooney-Rivlin equation [15] . The material models for the arteries were based on data obtained for human iliac arteries (Table 1 ) [16] . The layers were meshed using linear hexahedron elements (C3D8R) in Abaqus6.8 V R . A simplified balloon model was used to simulate the expansion of the stent. An idealized shell cylinder with a two parameters Mooney-Rivlin with C10 ¼ 1031.7 (kPa) and C01 ¼ 3692.66 (kPa) was used to model the balloon. Linear quadrilateral elements (S4R) were employed to mesh the balloon.
The stent was modeled as stainless steel, 316L. The thickness of the stent struts was assumed to be 120 lm. It means that there are only a few grains allocated along the width of the strut. The material properties; therefore, were obtained from microspecimen tests. Values for Young's modulus, yield and ultimate stress are 193 GPa, 207 MPa, 520 MPa, respectively, and Poisson ratio and ultimate strain of 0.27 and 0.45 were employed [17] . The Von-Mises criterion was used to model the plasticity of stainless steel.
(Dassault Systèmes Simulia Corp., Providence, RI) with general dynamic analysis was employed for simulation. Half of the model was simulated due to the symmetry. Symmetric boundary conditions were applied where appropriate. The two ends of the balloon were constrained in its circumferential and axial directions. The balloon inflation was modeled by applying displacement on the inner surface of the balloon. Displacement was then reduced to zero to model the balloon deflation. Contact was modeled between two segments of the DSS during the balloon inflation and also between the stents with artery and balloon. A penalty method with the friction factor of 0.12 between the surfaces was used to model the contact. To evaluate the quasi static response, in the general dynamic explicit model, the energy balance was monitored to ensure that the kinetic energy of the deforming material was smaller than 5% of its internal energy throughout the process.
Due to the shape of the artery, the final stent diameter changes along its length. To find the average value, the diameter was measured at several cross sections. The SSS was expanded to 8.12 mm diameter and was predicted to have an average diameter of 7.0 6 0.17 mm after recoil. Because of higher support of artery in the area between two segments, to reach the same final diameter as the SSS, the DSS was deployed to 7.43 mm diameter, resulting in an average diameter of 6.96 6 0.08 mm after balloon deflation.
Radial strength characterizes the ability of the stent to resist collapse under external load. The radial strengths of the stents were predicted as follows: An SSS and one of the segments of DSS were expanded to their nominal diameter. Then pressure was applied to the outer surface. The pressure at which a rapid inward deformation occurs was defined as radial strength. The radial strength was predicted for two types of stents.
Definitions. The straightening index was defined as the ratio of the artery's change in angle after stent implantation to the initial angle [7] , see Fig. 1 .
The percentage of straightening ¼100 Ã ðh initial À h afterimplantation Þ =h initial :
Results
The predicted Von Mises stress in the artery is concentrated at the outer curvature where the artery is in contact with the extremes of the SSS, see Fig. 2 . This stress concentration is predicted in all three layers of the artery in this region. Among the three layers of artery, the intima is predicted to experience the highest level of stress with a maximum Von Mises stress of 325.9 kPa. The maximum level of stress in media and adventitia were 52.1 kPa and 20 kPa, respectively. The maximum stress within the stent after recoil is predicted to be 337.4 MPa (see Fig. 2(a) ).
Stress concentrations are also predicted on the outer curvature of arterial wall at the extreme of the DSS after recoil, see Fig. 3 . High magnitude of stress can also be seen at the inner curve of the artery between the crowns of the two segments of the DSS. Again the intima is predicted to bear the highest stress among the layers with maximum stress of 268.9 kPa. The maximum stress in the media and adventitia are about 46.54 kPa and 18.06 kPa, respectively. The maximum Von Mises stress in the stent strut is predicted to be 207.7 MPa.
To evaluate the differences between the levels of stress acting on the artery for the SSS and MSS, the volume of the artery under different levels of stress for two types of stents was also predicted, see Fig. 4 . To the authors' knowledge, there is no experimental measurement of a threshold stress level to cause injury to different layers of the artery. Therefore, the volume of arterial tissue stressed at different levels were computed and compared. 20% of 
(d) and 3(d)).
Due to expansion of the stent in the artery, the artery tends to be straightened. Straightening is a result of a higher stent stiffness compared to the artery. The artery angle was measured as the angle between the two end faces of the artery (see Fig. 1 ). The angle of artery curvature is 90 before stent expansion. For the SSS this angle reduces to 69. 5 after stenting, resulting in 22.8% straightening (based on definition defined in the literature [7] ). In the case of DSS, the artery curve angle reduces to 76 , resulting in 15.5% straightening.
Stent conformity represents how well the stent sits on the artery wall. For both types of stents, separation between the stent and artery occurs at the extremes of the stents. The level of conformity; therefore, is defined as inverse of the largest distance between the outer surface of the stent and the inner surface of the artery. The levels of conformity were measured to be 6.37 mm À1 and 2.94 mm À1 for DSS and SSS, respectively. The reduction in stent diameter due to the application of externally applied pressure was also predicted for the SSS and MSS (see Fig. 5 . The changes in the diameter are gradual for both the SSS and MSS until the stent becomes unstable at higher pressures. This is predicted to occur at a slightly lower pressure for the MSS.
Discussion
The objective of this study was to use the finite element method to test the hypothesis that implanting nonoverlapping multiple stent segments into a curved artery would improve outcomes compared to implanting an SSS. This was determined by comparing predictions of key measures: Tissue stress levels (as a marker of injury), conformity, and radial strength. The results demonstrate the beneficial of implanting a DSS in comparison to an SSS, although significant work is still required to optimize such a new stent design, particularly in terms of the metal-to-artery ratio and the distance between the segments following deployment. Ensuring an adequate spacing between stent segments following deployment is critical to the success of a multiple segment approach as stent overlapping is known to contribute to stent wear and fatigue as well as ISR.
It is well documented that implanting a stent into a curved artery is more complicated compared to straight artery [8] [9] [10] . The high stiffness of a stent can cause straightening of a curved vessel. The results of this study show that there is a significant difference between the levels of straightening for the two types of stents. The level of straightening for an SSS is 28% greater than that for a DSS. This difference is expected to increase as the number of segments increases when compared to an SSS of total comparable length. As vessel straightening is known as a predictor for in-stent restenosis (ISR) and significantly contributes in occurrence of major advance cardiac event [18] , the results of this study suggest that a multiple segment stent may reduce the risk of ISR compared with a similar SSS.
Due to different levels of recoil, the stents had to be expanded to different diameters in order to reach the same final diameter after unloading. The stent to artery diameter ratio for SSS and DSS were measured to be 1.35 and 1.23, respectively when inflated. In other words, the recoil of the stent is less when a two segment artery is used compared to an SSS. This may be due to the greater support provided to the artery by the interleaving of struts between the two segments of the DSS. The increased expansion of the SSS necessary to achieve the same final lumen gain will increase the stress on the artery and hence increase the risk of arterial injury [19] .
After stent deployment, stress concentrations in the artery at the extremes of the stents were predicted for both the SSS and DSS. This effect has also been reported using a finite element simulation of a single segment stent in both curved and straight arteries [9] . However, the magnitude of the concentrated stress for a DSS is lower than that of the SSS. This difference is due to the higher flexibility of the DSS. As such stress concentrations are also correlated with ISR [20] , the results further suggest a lower risk of ISR for the DSS. An increased volume of arterial tissue under lower levels of stress is also predicted for the DSS.
There is always a trade off between design requirements when developing a new stent. These requirements are often in conflict Transactions of the ASME with each other. On the one hand, stents should be flexible enough to minimize vessel straightening after deployment and allow ease of placement, but on the other hand, they should provide sufficient radial strength to resist the compressive forces from the dilated vessel. Increasing flexibility while maintaining radial strength has proved extremely challenging with traditional stent designs. Comparing the two types of stents demonstrates that the radial strength of DSS is nearly comparable to an SSS. A significant advantage of a multiple segment stent is that the flexibility and radial strength can be controlled separately. Radial strength depends on the structural design of the segments and the flexibility depends on the segment length and the distance between them. Fracture of stents is a continuing problem and is also correlated to the rate of ISR [21] . Its prevalence may also be increasing with the introduction of drug-eluting stents. Using a DSS instead of an SSS is also predicted to reduce the stress acting on the stent struts. Maximum Von Mises stress in the stent material reduced from 337.4 MPa for the SSS to 207.7 MPa for the DSS. Reduction in metal stress brings down the fracture risk for the stent struts. It is also expected that in stented arteries that are subjected to external mechanical forces such as compression and bending, higher stress will be generated within SSS compared to DSS as the latter can potentially better accommodate these externally applied loads.
Stent overlapping is a key concern when implanting multiple stents as it causes complications such as wearing of the stent segments, arterial injury, and higher rates of in-stent restenosis [22] . Recent studies show that the hazard ratio is significantly higher when multiple overlapping stents are implanted into a vessel compared with nonoverlapping stents. It has been also shown that the maximum restenosis occurs at the zone of overlapping [23, 24] . Therefore, multiple segment stents should be designed such that no overlapping occurs while the artery is well supported.
The present study is limited in a number of ways. The constitutive model for the arterial tissue was based on experimental data [16] ; however, the maximum stress predicted in the artery during expansion of the stent is beyond the experimental data. This means that the applied constitutive model may not reflect the real mechanical behavior of the tissue during implantation. Therefore, a constitutive model for higher range of stretch might be required when stent expansion is simulated. Additionally, the restenotic plaque has not been modeled. Also, arterial prestretch, residual stress, and luminal blood pressure were neglected. No consideration was given for tissue damage. While these limitations will affect the magnitude of the predicted stress distribution conditions, it is not expected to influence the overall findings of the study. Finally we have only considered a single artery (and stent) diameter and a unique degree and plane of curvature, as well as a single stent design. While the general findings of this study would be insensitive to small changes in diameter and curvature, clearly changes in stent design could impact upon the degree to which the DSS improves upon predicted outcome measures. Future studies adopting a design of experiment approach are required to address this question.
Conclusions
In conclusion, a DSS can provide increased flexibility without a significant reduction in radial strength compared to an SSS of similar total length. A DSS reduces the straightening of a curved artery as well as the stress levels within both the artery and stent struts. The stress is more evenly distributed on the artery wall when a DSS is used compared to an SSS. These advantages should theoretically reduce the risk of restenosis following stenting of a curved artery.
